A series of low and constant viscosity elastic liquids are constructed and are studied rheologically. Steady shear viscosity and normal stresses, dynamic properties, and an apparent extensional viscosity are measured using well-established techniques. The rheological characteristics of the solution are used to help explain the physical basis for non-Newtonian phenomena in short time scale processes such as jet breakup, splash, spray atomisation and swirling flow. It is demonstrated that even when the shear viscosity is maintained at a constant value, significant differences occur in processes due to the differences in the elasticity of the fluids. Some implications for these observations are discussed. The paper is an overview on our work on elastic effects in the flow of low viscosity fluids. It reflects the verbal presentation made at the Professor John D. Ferry Symposium at the 71st Annual Meeting of the Society of Rheology.
INTRODUCTION
For low viscosity elastic liquids (< 50 cP), a complete rheological characterization is difficult. The lower limits on the resolution of commercial rheometers is tested when small amounts of high molecular weight polymer are added to low viscosity Newtonian solvents. Normal stresses are frequently undetectable or within the experimental error of the measuring instrument. Despite the experimental difficulties in making these measurements, a complete rheological characterization, in both shear and extensional flow, is often necessary to understand the physics behind many rheological phenomena. In recent years, differences in extensional properties of a non-Newtonian fluid have been shown to have a major impact on rheological phenomena. For example, it is well-known that the extensional viscosity of a polymer solu-DOI: 10 .1515/arh-2000-0010 tion has a significant impact on the flow of a solution through a contraction (see, for example, [1, 2 3] ). Traditionally, it is the shear viscosity (and in particular the onset of, and shear-rate dependence of, the shear-thinning) that is used to characterize polymer solutions. It will be demonstrated that the elasticity of low and constant viscosity solutions, quantified in particular by an increase in the apparent extensional viscosity with increasing strain rate, results in phenomenological behaviour that differs significantly from that observed with Newtonian fluids (with similar shear viscosities) in identical geometries. Presence of the small amount of polymer in the solvent is generally not detectable by a change in viscosity of the Newtonian solvent.
An issue that arises in low viscosity elastic liquids is the concept of diluteness. Traditionally, a polymer solution is called dilute when the polymer molecules are isolated and interactions between molecules are unexpected. However, this concept has its genesis in experiments performed in simple shear flow. Dynamic oscillatory shear experiments probe the internal dynamics of a polymer molecule, and as a result there is rarely any substantial deformation of the molecule in the linear viscoelastic regime where experiments are performed. Even in simple shear flow, an isolated polymer molecule will rarely deform to greater than three or four times its equilibrium size. In a dilute solution, these small deformations will not significantly affect the isolation of the molecules in the solvent. It is now generally believed that extensional flows, on the other hand, can give rise to dramatic deformations and stretching out of the polymer molecule (Chu and coworkers have made direct measurements of the stretching of DNA molecules [4, 5] ). When the polymer molecule is significantly deformed from its equilibrium configuration, the volume swept out by the molecule increases dramatically (volume ~ R G 3 ). In these situations, solutions that may be considered dilute at equilibrium may have significant polymer-polymer interactions in extensional flows. For high molecular weight polymers, Chow and coworkers [6] and Harrison and coworkers [7] have shown that substantial interactions can occur at concentrations as low as 500 ppmw. This concentration is well below the critical concentration, c*, for the polymers that were used in the experiments, and reflects the gross deformation of the polymers. Given that it is now generally acknowledged that the extensional properties have a major influence on both the qualitative and quantitative behaviour of non-Newtonian fluids in non-trivial geometries [8] , it is perhaps time that the definition of "diluteness" is revisited, and that greater interest is taken in the effect of the onset of polymer-polymer interactions as molecules are stretched in extensional flows. In these situations, the models in particular need to be capable of considering both non-interacting and interacting polymer chains (unlike most current FENE dumbbell models).
In this work, results will be shown for several different well-characterized polymer solutions. The concentrations include those that would traditionally be classified as dilute or semi-dilute. However, most of the solutions are likely to have intermolecular chain-chain entanglements when there is an extensional component to the flow field that the solution experiences and the polymer subsequently deforms and stretches out. Given the above comments, it is therefore perhaps not important whether the solution is therefore classified dilute in the traditional sense or not. Instead, the solutions should be classified as low viscosity elastic liquids.
These low viscosity elastic liquids are constructed by adding a small quantity of polymer to a Newtonian solvent. Generally, the solvents chosen have a sufficient viscosity to mask the shear-thinning effects of the added polymer, and the shear viscosity of the solutions is approximately constant over a wide range of shear rates [9] . Typical viscosities are on the order of five to ten centipoise, which is approximately ten times that of water. Despite the low shear viscosity, these fluids show significant elastic characteristics when studied in many (extensional) flow situations. The extensional component of these flows causes substantial changes in the polymer configuration.
In this paper, both qualitative and quantitative results obtained using a variety of polymer solutions and flow fields will be presented. These phenomenological observations will be 168 Applied Rheology July/August 2000 discussed in terms of the polymer elasticity that is characteristic of the solutions. The impact of the particular flow fields will also be addressed.
MATERIALS AND CHARACTERIZATION
In Table I , the various solutions that are employed in this work are described. Rheological characterizations of all the solutions may be found in the Ph.D. theses of Mun [10] and Stokes [11] . All the solutions are constant (shear) viscosity elastic liquids (Boger fluids). The shear viscosity has been measured with several different cone-and-plate rheometers. An example of the steady shear viscosity data is shown in Figure 1 for some of the PEO solutions [12] . Due to the low polymer concentration, the magnitude of the measured normal force difference is typically extremely small for these fluids, and is in these fluids below the resolution of the instruments. A measurable normal force is an important indicator of the non-Newtonian elastic characteristics of a polymer solution, yet these measurements are (unfortunately) frequently not measured or reported in the literature when many fluids are characterized. This problem is especially true for low viscosity liquids.
Like the normal stresses, the dynamic properties of low viscosity solutions such as those used in this work can also be very difficult to measure experimentally. Figure 2 shows some representative data for the storage modulus, G', for the low concentration polyacrylamide fluids [11] . For these materials, the viscous portion, G'', exceeds G' over the entire range of frequencies.
The elastic nature of the low viscosity viscoelastic fluid is typically dominated by the viscous response in simple shear flows. The magnitudes of G' are extremely small; this experimental behaviour is characteristic of all the low viscosity solutions employed in this work, and the trends are those predicted by models such as the Rouse model for dilute solutions.
It is now well-known, in both an experimental sense and through a better theoretical understanding, that the extensional properties of a polymer solution have a significant impact on the behaviour of that solution in many flow fields. The filament stretching device developed by Tirtaatmadja and Sridhar [13] has enabled the steady state and transient measurement of the extensional viscosity for a wide range of polymer solutions. However, the extensional viscosity of the low (shear) viscosity elastic liquids used in this work falls below the resolution limits of the filament stretching device. To obtain a qualitative understanding of the extensional properties of the fluids, the Rheometrics RFX rheometer, a commercial instrument based upon the design of Fuller and coworkers [14] is used. The RFX rheometer is an opposed jets rheometer that creates an approximately uniaxial extensional flow in the region between the nozzles. Because of the inhomogeneities in the flow field, and the fact that different polymers experience a different residence time (and subsequently different degree of extension) in the extensional flow, an exact measurement of the steady state extensional viscosity is not possible in this instrument. Rather, an apparent extensional viscosity is obtained, and care should be exercised in the use of the measured values. Nevertheless, the RFX does provide a qualitative measurement of the extensional viscosity of low (shear) viscosity polymer solutions. The trends in the apparent extensional viscosity (as a function of strain rate) can provide valuable insight into the role the extensional properties of a solution play in the flow of that solution in a particular geometry. In Figure 3 , the apparent extensional viscosities for the several polyethylene oxide solutions described in Table 1 are shown as a function of strain rate [12] . From this figure, several important fluid characteristics emerge. The extensional viscosity increases as the strain rate increases for all flexible polymer solutions. This occurs as the polymer molecule stretches out from its initial (equilibrium) coiled configuration. Also, the onset point for strain hardening (i.e. an increase in extensional viscosity) occurs when the Deborah number, D e = ε . τ ≅ 1. Therefore, the polymer solutions that have the larger relaxation times begin to strain harden at a lower strain rate. The extensional viscosity data, therefore, provides a measure of the relaxation time of the polymer. Of course, much like the shear viscosity, the values of the extensional viscosity (even qualitative values) are affected by the polymer molecular weight, concentration, and the solvent [14] [15] [16] [17] . Subsequently, the rheological phenomena to be reported in the following sections are also strong functions of these characteristics.
PHENOMENOLOGICAL BEHAVIOUR
In this section, experimental results are shown for the behaviour of low viscosity Newtonian and non-Newtonian fluids in several different flow geometries and processes. These results are representative of a larger body of work that has come out of our laboratory and reports of which may be found in the literature. The situations to be discussed in this paper are jet breakup [18] , spray atomization [12, 19] , splash [20] [21] [22] , and a well-defined swirling flow [23] . The impact of the polymer addition will be studied, and in particular the effects of the elasticity will be discussed.
JET BREAKUP
A fundamental understanding of the breakup of a liquid jet has been a research goal for 150 years [24, 25] . More recently, the breakup of a jet composed of a polymer solution has been an active area of research [26] [27] [28] [29] [30] [31] . This interest has been galvanized by two related developments:
(1) a greater understanding of the extensional characteristics of the flow field found in a typical jet, and (2) the understanding of the substantial changes in the polymer configuration and the extensional viscosity with varying strain rate. From a qualitative point of view, the addition of small amounts of polymer is expected to increase the elasticity of a polymer solution compared to a Newtonian fluid. Due to the stretching of the polymer molecules in the extensional flow field, this increased elasticity acts to "hold" together the solution and delay the jet breakup to a point further from the nozzle when compared to a Newtonian fluid. Figures 4 and 5 show a plot of the jet length at breakup versus jet velocity for a variety of constant shear viscosity elastic polyethylene oxide solutions (previously characterized in Table 1 ) [18] . For all of these solutions, the shear viscosity is approximately 5 centipoise, and the static surface tension is approximately constant. In the Figures, the jet length at breakup versus jet velocity for a Newtonian fluid of similar shear viscosity is indicated by the solid line. For the polymer solutions, two distinct trends emerge depending on the molecular weight of the polymer molecules in the solution. For the low molecular weight solutions (i.e. MW = 10 5 or less), the addition of the polymer destabilizes the jet, leading to a shorter jet length before breakup when compared to the Newtonian liquid. For the solutions made with high molecular weight polymer molecules (MW > 3 x 10 5 ), the jet length before breakup increases dramatically: at the higher velocities studied, the breakup length is up to four times larger than the Newtonian fluid. The increase in breakup length roughly correlates with the molecular weight of the polymer in the solution.
The increase in breakup length for the high molecular weight polymer solutions (when compared to the Newtonian fluid) is due to the enhanced elasticity of the polymer solutions. The jet is primarily an extensional flow, and this results in an increase in the extensional viscosity as the polymer becomes more stretched out. The higher the jet velocity, the greater the elasticity in the molecules. This increase in elasticity acts to keep the jet together, rather than allowing it to break up into many drops. The larger molecules can stretch out to a greater length, and it therefore follows that the breakup length increases with increasing molecular weight.
For the low molecular weight solutions, Mun and coworkers [18] note that the extensional viscosity does not increase dramatically with increasing strain rate. In these solutions, the elasticity does not enhance the jet performance as the molecules are not sufficiently large to have a significant impact on the extensional rheology.
Of course, even with the high molecular weight polymer solutions, the jet will eventually break up. At this point, however, there are qualitative differences between the polymer solutions solutions and the Newtonian fluid. For the Newtonian fluid (and the low molecular weight polymer solutions), the jet breaks up into a series of large drops interspersed with smaller, so-called satellite drops (see Figure 6a ). This phenomena occurs because as the jet breaks into distinct drops, the "bridges" connecting the drops break away at each end and form the small satellite drops. For the high molecular weight solutions, the elasticity in the solution causes these "bridges" between the drops to "snap back" and become absorbed into the primary drops (see Figures 6b and 6c ). The result is that the elasticity in the high molecular weight solutions acts to suppress the satellite drop formation. The mechanisms behind this phenomena are also apparent in the following sections.
SPRAY ATOMISATION
An understanding of the atomization of sprays from a nozzle is important in applications such as agricultural crop spraying. In this process, the spray nozzle is designed to spray the product over the greatest possible area with the most uniform distribution of fluid (and drop size) possible. The concepts behind the process are clearly very similar to that of jet breakup: the nozzle will have a largely extensional-type flow, and consequently the addition of a small amount of polymer to the fluid being sprayed may be expected to have an effect on the spray characteristics. However, there are substantial differences between the two processes. Spray nozzles are designed to spray water efficiently, and the design process is generally independent of the properties of the fluid that is actually to be used. Also, the nozzle is designed to break up the fluid into drops, rather than make the jet hold together.
The solutions used in the experiments are identical to those used in the jet breakup experiments. The complete experimental measurements may be found in Mun and coworkers [12] , Mun [10] and Harrison and coworkers [19] . Here, the drop size distribution is discussed, with particular emphasis on the role of the solution extensional viscosity. Although several different nozzles were used in the experiments, the experimental results are qualitatively similar Results are presented for flow through a TG-SS Full Jet (Spraying Systems, Wheaton, Illinois, USA). A basic understanding of the causes of the drop size distributions found in both Newtonian fluids and polymeric solutions is well known (see, for example, [32] ). The flow through a spray nozzle has a significant extensional component and the polymer molecules in the solution are stretched out. The resultant elasticity of the polymer solutions acts to alter the drop size distribution when compared to a similar viscosity Newtonian fluid. Figure 7 shows the average drop size obtained in the TG-SS nozzle for a 5 cP Newtonian fluid some of the 5cP PEO solutions described previously. Figure 8 shows the percentage of fine particles (defined as those smaller than 10 5 microns in diameter) for the same fluids. The additional of a low molecular weight polymer had the effect of decreasing the number of extremely fine-sized drops, while slightly increasing the mean drop size when compared to a similar viscosity Newtonian fluid. This result is extremely interesting, given that there was no measurable increase in the extensional viscosity of the solution with increasing strain rate. Indeed, this result indicates the effect of elasticity at a level undetectable in fundamental rheological tests such as a shear rheometer and the RFX! When a high molecular weight polymer is introduced, there is a significant increase in the mean drop size formed through the nozzle. For the 6 x 10 5 PEO solution, the average drop size is increased by almost 500%. This change is expected, and may be easily explained as a result of the elasticity of the solution and the increase in the extensional viscosity (as compared to the Newtonian fluid of similar shear viscosity), which acts to keep the spray together through the nozzle, and restricts the breakup of the fluid due to the elastic tension in the atomizing fluid. As the polymer molecular weight (and also the solution extensional viscosity at high strain rate) increases, there is a dramatic decrease in the number of small drops being formed in the nozzle. This phenomena is also due to the increased elasticity in the solution. The increased elasticity acts to keep the droplets together rather than fragmenting into a mist. This behaviour has some important ramifications in the agricultural spraying industry. The absence of small droplets minimizes drift (due to wind and air currents) in spraying, ensuring that the target area only is covered. For this reason, the use of small amounts of polymer additives may enhance the performance when compared to a Newtonian fluid.
In addition to the molecular weight of the polymer molecule used in the polymer solution, the polymer concentration can have a significant impact upon the solution's extensional rheology, and subsequently on the spray atomization effectiveness. In Figure 9 , the angle of the conically shaped spray as it emerges from the nozzle is shown as a function of polymer concentration for a D3-25 swirl-type nozzle (Spraying Systems, Wheaton, Illinois, USA). The polymer solutions were made by adding polyacrylamide (MG500, Dow Chemical) to deionized water. In the experiments performed to make up this figure, the solution shear viscosity was not held constant. However, the solutions employed may be classed as low viscosity elastic liquids and the results indicate some phenomenological trends.
As the polymer concentration increases from zero (i.e. only water), the spray angle initially decreases slightly from that of water (which, in this nozzle, has a spray angle of 67°). At the intermediate concentrations employed, there is an enhancement in the spray angle above that measured for pure water. Then, as the concentration increases further, the angle decreases until the concentration is sufficient to completely dampen the spray characteristics emerging from the nozzle.
Clearly, this behaviour is extremely complicated, and the complete solution rheology must be considered in trying to understand the experimental results. McIrvine [33] and Marshall [34] studied the impact of shear viscosity on the spray angle of Newtonian fluids, and found that the angle did decrease slightly as viscosity increased, although it eventually appeared to plateau with increasing viscosity (of course, at high shear viscosities, the fluid will not atomise at all). It is believed that in the intermediate concentrations, it is the elasticity of the polymer solutions that results in the increased spray performance. The exact reasons for this increase are unknown due to the extremely complicated flow field occurring in the nozzle. As the concentration of the solutions increases further, the shear viscosity of the solution increases and the effectiveness of the spray nozzle decreases. The higher extensional viscosity, caused by the increasing polymer concentration, probably also contributes to the decrease (and eventual suppression) of spray effectiveness.
SPLASH
The impact of a drop on a surface has applications ranging from inkjet printing to the delivery of pesticide [35] . For example, the performance of pesticide depends both upon the initial spreading of the drops on the surface, and the subsequent adhesion to the leaf. Given that the elasticity inherent in a dilute polymer solution acts to keep the fluid from breaking apart as easily as a Newtonian fluid, it is readily apparent that the impact of a dilute polymer solution on a surface is an important research problem [36] . In our laboratory, work is focused on quantifying the ability to predict the response of a drop when it hits a surface. To do this effectively, the drop properties, the velocity of the drop, and the surface properties must be well-characterized. For the drop, the diameter, the shear viscosity, the density and the surface tension are important. For the surface, characteristics such as the roughness and the thickness and nature of an existing film will affect the drop impact.
Illustrative results from two different tests will be presented. Further details, and a more complete set of results, are available in a series of papers by Crooks and Boger [20] [21] [22] . The first results shown here are time evolution images of a dilute polymer solution drop impacting on a surface covered by a thin film. The second set of experiments demonstrates the effect of small amounts of polymer on the spreading of a drop on a glass plate that is initially dry. It is well known that when a Newtonian drop impacts a surface covered by a thin film of fluid (for example a previous drop), the drop will splash if its impact velocity is above a critical value (see, for example, [37] ). The effect of the splash is to create a crown-like structure that breaks up into tiny drops of fluid as the splash pattern evolves. For a dilute polymer solution, the drop impact velocity necessary for splash to occur is significantly larger than a Newtonian fluid with identical shear viscosity and surface tension. As the molecular weight of the polymer molecules in the solution increases, the critical velocity increases. This result is due to the increased extensional viscosity of the solution when the molecules are highly stretched. In addition, the qualitative appearance of the splash is changed due to the presence of the polymers. Figure 10 shows pictures taken of the impact of a drop of the 0.1% 10 6 PEO constant viscosity fluid on an aluminum surface already coated with a thin film of the fluid. After the drop hits the surface, the crown of fluid rises out of the surface. The final two pictures illustrate the significant qualitative differences between the splash of a Newtonian drop and that of a dilute polymer solution drop: for the polymer drop, tiny threads connect the satellite drops to the primary fluid crown; for the solvent drop of the same viscosity the drops disconnect from the crown. This behaviour is due to the same mechanisms that keep polymer jets from breaking up: the elasticity of the molecules in solution hinders breakup, and larger molecules result in a more elastic solution. As a consequence, it is more difficult for polymer drops to splash than for Newtonian drops.
When a drop hits a surface at a velocity below the critical velocity required for splash, the drop will spread out on the surface. However, the drop does not spread out smoothly and uniformly on the surface. Instead, the ratio of the height of the drop to the diameter of the drop (R hd ) will oscillate before reaching a steady state. This oscillation occurs because the drop dissipates energy both through recoiling normal to the surface as well as spreading out on the surface. Figure 11 shows the R hd as a function of time for a series of drops obtained using several PEO fluids and a Newtonian fluid for comparison [22] . The addition of small amounts of polymer to the solutions (while still keeping shear viscosity and surface tension essentially constant) has the effect of dampening out the oscillation in the shape of the spreading drop. The initial spreading of the drops (occurring in the first ten milliseconds after impact) is similar for both Newtonian and dilute solution drops. However, in the subsequent 30 milliseconds, the shape of the drop (as measured by the ratio R hd ), depends strongly upon the molecular weight of the polymer in the solution. The different molecular weight polymers in the three solutions impact on the elasticity of the solutions: as the molecular weight increases, the elasticity (or extensional viscosity) increases. The increased elasticity (with increasing molecular weight) acts to keep the drop together and facilitate spreading on the surface rather than recoil. This conclusion is supported by the fact that the oscillation damps out as the molecular weight increases. It is also worth mentioning that the solution with the greatest elasticity (as measured by the extensional viscosity) not only has the smallest oscillations, but also damps out the oscillations in the shortest amount of time. Further results on the shape oscillations of polymer drops hitting surfaces may be found in Crooks and Boger [22] . Figures 10 and 11 both demonstrate that the addition of small amounts of polymer can have a significant effect on the impact of a drop on a solid surface when compared to a Newtonian drop. The elasticity that is a consequence of the addition of high molecular weight polymer helps suppress splash and also aids in the spreading of the drop on a surface. Both of these results have important implications for applications such as inkjet printing and pesticide delivery.
SWIRLING FLOW
The final experimental system to be discussed is a swirling flow produced in a cylindrical container. The flow is induced by rotating the bottom plate at a constant rate. This geometry produces a fully three-dimensional swirling flow field. However, optical techniques such as flow visualization and particle image velocimetry may be used to quantifiably characterize the velocity field [23] . The simplicity of the experimental geometry makes it an ideal candidate to evaluate the ability of three-dimensional numerical codes to accurately predict both the velocity field and the polymer configuration.
This type of flow has been studied extensively for Newtonian fluids by Escudier [38] , so the results from this laboratory for dilute polymer solutions may be compared in a straightforward manner to determine the influence of elasticity on the flow field. For a Newtonian fluid, the primary flow is a swirling motion in the theta direction. As the Reynolds number increases, a secondary flow emerges as the centrifugal force pushes the fluid from the center of the tank at the bottom towards the wall. As it reaches the wall, the fluid moves up the sides of the cylinder towards the stationary lid of the flow cell. Subsequently, the fluid flows towards the center of the lid and finally recirculates as it moves along the centerline axis of the cylinder. Escudier quantified the breakdown of this secondary flow for a Newtonian flow as the Reynolds number is increased. The breakdown was found to be a function of both the Reynolds number and the aspect ratio (height over radius) of the cylindrical container.
The results presented in this section focus on the flow field at high Reynolds number (O(2000) ). The flow visualization images of the flow field are obtained by illuminating a plane through the centerline axis of the tank and using a fluorescent dye. The images do not show the entire flow field, but rather just the region around the centerline axis of the tank: it is in this region that the interesting phenomena associated with the secondary flow occur. Figure 12 shows flow visualization images for the 45 ppm polyacrylamide solution as a function of Reynolds number. The H/R ratio of the cylinder is H/R = 2.5. Because this is a viscoelastic fluid, as the Reynolds number increases, the Weissenberg number also increases. Therefore any increase in the rotation rate of the cylinder will also enhance the elastic effects due to the polymer solution on the flow field. Qualitatively, the flow field is very similar to that observed for a Newtonian fluid. At a Reynolds number of 2297 (and We = 0.47), a stagnation point is produced. As the Reynolds number increases further, a single vortex breakdown bubble emerges, followed by a second breakdown bubble at a Reynolds number of Re = 2445. As the Reynolds number (and Weissenberg number) increases further, the second bubble grows larger and moves in the direction of the the elasticity in the dilute polymer solution results in filaments (of stretched fluid) between the drops that eventually snap into the discrete drops. The filaments take the place of the small satellite drops that occur between the primary drops.
The flow behaviour is similar for the atomization process. The nozzle is a mixed shear and extensional flow field that atomizes the fluid into a distribution of drops. Because of the extensional component of the flow, the polymer molecules are stretched out in the fluid. This increased elasticity hinders the breakup (or atomization) of the fluid and produces a more uniform size drop distribution without the presence of very fine drops that characterize the atomization of Newtonian fluids.
Although the results for both jet breakup and spray atomization are qualitatively similar for high molecular weight polymers, the results for low molecular weight polymers are strikingly different. For low molecular weight polymers, jet breakup is enhanced (i.e. the jet length is shorter for a low molecular weight polymer when compared to a Newtonian fluid) in marked contrast to the high molecular weight polymer results. This result is true for several different polymer molecular weights and jet velocities. On the other hand, the atomization produces more uniform (and larger) drops than a Newtonian fluid. The results for the atomization clearly indicate the effects of increased elasticity (or extensional viscosity) beyond the resolution of the RFX rheometer. However, this is not the case for the jet breakup problem. These (seemingly contradictory) results are reproducible over several sets of experiments, and remain an unresolved issue at this time.
In the drop impact experiments, the presence of the polymer, and the subsequent elasticity, again acts to limit the breakup of the fluid when compared to the Newtonian fluid. This is most apparent in the photographs of the splash experiment where the filaments between the initial bubble. Furthermore, the first breakdown bubble also begins to move towards the (stationary) top plate of the cylinder. Figure 13 shows the steady state existence domain of the vortex breakdown as a function of both the cylinder aspect ratio and the Reynolds number. Results are shown for a Newtonian fluid and both a 25 ppm and a 45 ppm dilute polyacrylamide polymer solution. The solid lines indicate the existence of the single breakdown bubble, and the dashed lines indicate the existence of the second breakdown bubble. In keeping with the results shown previously in this paper, the onset conditions for breakdown bubbles are shifted to both higher Reynolds number and higher aspect ratios. The elasticity introduced into the fluid through the presence of small amounts of polymer have a significant impact on the flow field and push the breakdown conditions (as measured by bubble formation) to higher values of the important parameters.
DISCUSSION
The phenomenological results shown in this work are characteristic of a variety of different flow situations. In all the cases discussed, the presence of a small amount of polymer has a significant qualitative effect on the flow field when compared to the flow of a Newtonian fluid of the same viscosity and in an identical geometry. These differences are, we believe, due to the elasticity introduced into the system. Although the solutions only have a small amount of polymer added, the extensional flows stretch out the polymer molecules: entropy arguments demand that deformed polymer molecules want to return to an equilibrium (coiled configuration). However, when they are deformed, the elongated molecules hinder the breakup of fluid.
In a liquid jet flow from an orifice, the polymer jet breaks up after a longer distance than found for a Newtonian fluid. Also, rather than breaking up into a series of non-uniform drops, Finally, in the model swirling flow, the elasticity in the polymer solutions caused a shift (or a delay to higher parameter values) in the criteria for the breakdown bubbles.
CONCLUSIONS
When polymer molecules are exposed to extensional flow fields, they become significantly deformed. Phenomenological results from this laboratory have been presented for some low (shear) viscosity elastic liquids. These fluids have a constant shear viscosity. The impact of the extensional properties has been highlighted through the use of flow geometries that feature a large extensional component of flow capable of causing significant elasticity in the polymer solutions. It is shown that the different extensional properties of fluids cause major differences in the flow behaviour even when the shear viscosity is maintained constant. In many cases, the addition of polymer results in behaviour that may be considered enhanced, or more desirable, than that associated with a Newtonian fluid of an identical shear viscosity. These results demonstrate the necessity of understanding, even if it is only in a qualitative sense, the extensional properties of a polymer solution. Fitting model parameters simply by using the shear data is insufficient when attempting to model processes that involve any extensional flow component whatsoever.
In the case of the observations made for the swirling flow, all variables have been carefully controlled and the results shown clearly demonstrate the influence of elasticity as a result of the polymer molecule. For the free surface flows, however, jet breakup, atomisation and splash, an additional variable may be the interfacial tension. It was demonstrated in the work presented that the static surface tension is essentially constant. But, during the free surface generation it is the dynamic surface tension which may be the important variable and therefore the conclusion in regard to the influence of elasticity in the free surface flows may not be entirely correct, as the dynamic surface tension may be a variable which has not been controlled. The work in our laboratory now is concerned with looking at two timescales: one associated with the time taken for a surfactant to reach the surface of the interface being produced relative to the timescale of the process, and the other being the timescale associated with the elasticity of a polymer present in the liquid phase relative to the processing timescale. The interaction of the two timescales associated with dynamic interfacial tension and elasticity of a low viscosity polymer fluid is an exciting, very relevant and, we believe, new area of research.
